The most classic example of a hydraulic structure where gas transfer occurs is a weir. Transfer of gases between the atmosphere and river water can occur in a free overfall jet from a weir. A free overfall jet from a weir plunging into downstream water causes entrainment of air bubbles if the free overfall jet velocity exceeds the critical value where aeration occurs. This paper investigates the free overfall jets from Venturi and rectangular notch weirs and their effect on air entrainment rate. A Venturi weir was placed at the upstream channel end in order to increase the flow velocity of the free overfall jet and, in turn, to increase air entrainment. It was demonstrated that the air entrainment rate of the Venturi weir is significantly better than the rectangular notch weir, and this advantage becomes more pronounced as the throat width of the Venturi weir is decreased. These results demonstrated that Venturi weirs can be used as highly effective aerators in streams, rivers, constructed channels, fish hatcheries, water treatment plants, etc. Moreover, a regression equation was obtained for the Venturi weirs, relating air entrainment rate to unit discharge, weir crest width, drop height and throat width of Venturi weir. There was good agreement between the measured air entrainment rates and the values computed from the predictive equation.
Introduction
As water flows over a weir or spillway (or rapids or waterfall), atmospheric gases (mainly nitrogen and oxygen) can dissolve into it. Likewise, dissolved gases in the water can come out of solution at these structures, in effect degassing the water. The process has environmental importance along all rivers. For example, if there is too little dissolved oxygen in a river, then aquatic life such as fish can die, and the river may have odour problems. At the other end of the spectrum, too much dissolved nitrogen can also be harmful to organisms such as fish. Thus, there is a range of dissolved gas concentrations that define an acceptable level of water quality. Recent research has focused on developing measurement and predictive techniques for gas transfer at hydraulic structures to help maintain and enhance water quality.
Before breaking up into drops, the flow over a weir or waterfall would be classified as a free overfall jet, as shown in Fig. 1 . The weir aer-ation is caused by air being carried by the free overfall jet into the receiving pool. The mechanisms by which air is entrained and transferred into water because of the free overfall jet are extremely complex and vary with free overfall jet velocity and geometry. The free overfall jet characteristics and receiving pool geometry also dictate the hydrodynamics and turbulent mixing within the receiving pool and the movement of the air bubbles. Therefore, the characteristics of the free overfall jet and the geometry of the receiving pool ultimately determine the volume of air entrained, V, its contact area with the water, A, and the time it remains in the receiving pool or contact time, t c (Wormleaton and Tsang 2000) .
The aeration effect of weirs has been studied experimentally by a number of investigators. Gameson (1957) was the first to report on the aeration potential of weirs in rivers. Since then, a number of laboratory investigations into weir aeration have been carried out, notably Van der Kroon and Schram (1969a,b) , Apted and Novak (1973) , Avery and Novak (1978) , and Nakasone (1987) . These investigators have produced empirical relationships relating aeration efficiency. The relationships were developed based on data obtained from small flumes with straight weirs or from field observations. Wormleaton and Soufiani (1998) and Wormleaton and Tsang (2000) studied triangular and rectangular planform labyrinth weirs and their effect on aeration performance. Investigations also have been reported on the aeration performance of existing hydraulic structures and these are reviewed by Wilhelms et al. (1993) , Chanson (1995) , Gulliver et al. (1998), and Ervine (1998) . Baylar and Bagatur (2000) and Baylar et al. (2001) demonstrated that aeration performance of weirs changed depending on weir shapes. Baylar and Emiroglu (2002) investi- gated sharp-crested weirs having different cross-sectional geometry and their effect on the air entrainment rate. Much of these works have dealt with oxygen transfer efficiency in rectangular notch weirs and none has concentrated specifically on the air entrainment rate (Q A ) of Venturi weirs. This paper describes an experimental investigation into Q A of the Venturi weirs, and in particular, the effect of varying the throat widths of the Venturi weirs. A Venturi weir consists of a converging level inlet section with vertical sidewalls and a diverging level outlet section also with vertical sidewalls. There is the sharp connection between the converging section and the diverging section. A Venturi weir does not have any parallel walls forming a straight throat. The narrow throat produces a differential head which under the proper conditions is proportional to flow rate (Fig. 2) . Gameson (1957) demonstrated three phases of oxygen transfer for a free overfall jet plunging into a receiving pool. These are: (1) in the free overfall jet itself during fall-this is regarded as small; (2) via the free surface of the receiving water-this depends on the intensity of surface agitation in the receiving pool; and (3) in the air-water biphasic flow that exists within the receiving pool because of air entrainment-this phase is governed by the air entrainment rate and the bubble contact time in the water. Gameson observed that the last phase was the most significant contributor to the oxygenation process.
Bubble Generation Mechanisms by Free Overall Jets
The mechanisms by which air is entrained and transferred into water because of a free overfall jet are several and complex. Ervine et al. (1980) described four basic air entrainment mechanisms with reference to circular water jets. Tsang (1987) adapted these to the current observations of free overfall jets from normal and parallel weirs. Tsang (1987) classified mechanisms of air entrainment as: 1-smooth, 2-rough, 3-oscillating, and 4-disintegrated. A description of these stages is given below. 
Type 1
Type 1 results largely from smooth, solid jets (Fig. 3a) . The major source of air supply is visualized as a thin layer surrounding the jet and carried into the water upon impact, and therefore air entrainment capacity is limited. The water surface in the receiving pool is relatively undisturbed.
Type 2
Type 2 results from rough, solid jets (Fig. 3b) . The air supply can be considered as coming largely from small air pockets entrapped between the jet surface roughness and the receiving water. At impact, the jet produces ripples on the receiving pool surface. Compared to the Type 1 mechanism under similar conditions, this results in shallower bubble penetration depth but increased entrainment rate, because the bubbles are more densely packed in the biphasic zone.
Type 3
Type 3 results from oscillating jets and those approaching disintegration (Fig. 3c) . The primary air source originates from large air pockets entrapped between the undulating jet and the receiving pool surface. The receiving pool surface is considerably agitated, and air may also be entrained by surface roller and splashing. Large air pockets are transported from the surface into the water and broken down due to turbulence.
Type 4
Type 4 results from disintegrated jets (Fig. 3d) . The receiving pool surface is intensely agitated, and air is entrained by the action of surface rollers and by engulfing air pockets as jet fragments hit the receiving pool surface. The bubbles are generally only transported to relatively shallow depths. Disintegrated jets have the advantage over solid jets of greater surface area; however, Q A and bubble penetration are significantly reduced because of energy loss to the surrounding atmosphere during fall (Wormleaton and Tsang 2000).
Experimental
Aeration experiments were conducted using an experimental apparatus in the Hydraulic Laboratory at the Engineering Faculty of Firat University, Elazig, Turkey. The free overfall jets from the weirs plunged into a receiving pool, whose height could be adjusted using a pulley arrangement. The water depth in the receiving pool was controlled by an adjustable weir. The plan-view dimensions of the receiving pool were 1.20 × 1.20 m. The upstream channel used in this study was 3.40 m long, 0.60 m wide and 0.50 m deep. The water in the upstream channel was circulated by a water pump. The flow rate, Q, was measured using a water flow meter (Fig. 4) . The flow rate over the weirs varied from 5 × 10 -3 to 20 × 10 -3 m 3 in 5 × 10 -3 m 3 steps. Drop height, h, defined as the difference between the water levels upstream and downstream of the weir, was varied between 0.20 to 1.00 m in 0.20-m steps.
In the experiments, Venturi and rectangular notch weirs, made of metal, were used as aerators. Venturi weirs were placed at the upstream channel end in order to increase flow velocity of the free overfall jet and hence to increase the air entrainment. The Venturi weirs had a converging level inlet section with vertical sidewalls and a diverging level outlet section also with vertical sidewalls. There was the sharp connection between the converging section and the diverging section. The Venturi weirs didn't have any parallel walls forming a straight throat. The throat width of the Venturi weir was varied from 5 to 15 cm in 5-cm steps. The lengths of the converging section, L 1 , and the diverging section, L 2 , were 25 and 30 cm, respectively. The Venturi weirs had a vertical sidewall height, L 3 , of 15 cm. The crest widths of the Venturi and the rectangular notch weirs were kept constant at 20 cm in all experiments (Fig. 5) .
The depth of the receiving pool can affect aeration efficiency of a free overfall jet, because oxygen mass transfer is to some degree dependent upon the residence time of the oxygen bubbles in the water. If the receiving pool depth is less than the bubble penetration depth, the bubbles' flow path through the water will be curtailed by the bed of the receiving pool and residence time, and hence aeration efficiency will be limited. This is confirmed by Jarvis (1970) , Apted (1975) , Avery (1976) , and Avery and Novak (1978) who defined the receiving pool depth as "optimum" when it equaled the bubble penetration depth. At receiving pool depths greater than the optimum value, the effect of receiving pool depth upon aeration was very much reduced. Nakasone (1987) advised that the receiving pool depth, D p , ceases to affect aeration efficiency when it exceeds two-thirds of the drop height (i.e., D p ≥ 2/3 h), and Avery and Novak (1978) gave the relationship as D p ≥ 7.5 h 0.58 F j -0.53 , where h is drop height and F j is jet Froude number. Wormleaton and Tsang (2000) carried out a series of experiments to ascertain the penetration depth and determine the effect of relative receiving pool depth. They confirmed that the aeration efficiency is relatively unaffected by the receiving pool depth when it is greater than the bubble penetration depth. For consistency, all tests reported in this paper were carried out under these conditions. In all of the experiments for all weirs, flow paths of entrained air bubbles in the receiving pool were uninterrupted, i.e., the receiving pool depth was greater than the bubble penetration depth.
Since air entrainment by water jets occurs as a localized phenomenon at the plunging point, basically two groups of methods of entrained air flow rate measurements were developed: 1) catching air after it has been entrained into the receiving pool water; and 2) measuring the removal of air from a gaseous space above the receiving pool surface around the plunging point. To the first group belong experiments with free overfall jets from weirs, inclined plunging water jets from nozzles, and those in which bubble traps have been used. The second group is used in experiments with vertical plunging water jets from nozzles and orifices. The gaseous space above the receiving pool in the vicinity of the plunging point is in this case separated from the ambient, and supplementary air is let into this space through an appropriate flow rate device (orifice, rotameter, anemometer or from volumetric and time readings). Traps or air removal arrangements may interfere with the fluid flow in the receiving pool. However, since the air entrainment phenomenon depends mainly on the flow in the direct neighbourhood of the plunging point, an appropriate submergence and geometry of the trap would not greatly affect the amount of entrained air. In this study, a bubble trap for which the plan-view dimensions were 0.75 × 0.60 m, was used to obtain the values of Q A using an air rotameter installed on its surface.
Experimental Results
The prime purpose of this study is to compare the air entrainment rate of the Venturi weirs with the rectangular notch weir under similar operation conditions. The values of the air entrainment rate were obtained depending on drop height, h, unit discharge, q, and weir type. The following sections present and discuss the free overfall jet expansion at impact point, b j , and the air entrainment rate results, Q A .
The change in the free overfall jet expansion, b j , was measured as a function of drop height, h, and unit discharge, q, as illustrated in Fig. 6 and 7. It was observed from Fig. 6 and 7 that variation in b j is closely related to drop height, unit discharge, and weir type. b j increased as unit discharge increased in all experiments, as shown in Fig. 6 . The Venturi weir with the throat width of 5 cm had the greatest values of b j . The values of b j decreased as drop height increased in the rectangular notch weir and the Venturi weirs with the throat width of 10 and 15 cm. For the Venturi weir with the throat width of 5 cm, at low unit discharges, 5 × 10 -3 and 10 × 10 -3 m 3 , b j decreased as drop height increased (Fig. 7a to 7b ) but at high unit discharges, 15 × 10 -3 and 20 × 10 -3 m 3 /s⋅m, b j increased as drop height increased (Fig. 7c to 7d) . The rectangular notch weir showed the lowest values of b j among all weir types tested. The primary reason for the increase in the free overfall jet expansion with decreasing the throat width of the Venturi weir can be found by the increase in flow velocity over the Venturi weir and the increase in the divergent angle of the Venturi weir. Figure 8 shows the variation in the air entrainment rate, Q A , of the Venturi and the rectangular notch weirs with the ratio of free overfall jet expansion at impact point to drop height b j /h for four unit discharges, 5, 10, 15, and 20 × 10 -3 m 3 /s⋅m. For all weir types tested, Q A increased with decreasing the b j /h ratio. As unit discharge increased, the b j /h ratio and Q A increased in the Venturi and the rectangular notch weirs. Moreover, Q A increased with decreasing the throat width of the Venturi weir. The rectangular notch weir showed the lowest values of Q A among all weir types tested, as shown in Fig. 8 . Figure 9 shows the variation in the air entrainment rate, Q A , of the Venturi and the rectangular notch weirs with drop height, h, and unit discharge, q. Figure 10 also shows the variation in the air entrainment rate, Q A , of the Venturi and rectangular notch weirs with drop height while unit discharge is constant. All of these graphs show an increase in Q A as unit discharge and drop height increased over the whole range of weir types tested. The results of experiments involving differing discharges were far less explicit than those involving drop height. The increase in Q A with increas- es in unit discharge and drop height can be explained with the increased momentum of the jet flow and the increased jet surface roughness. The Venturi weirs had the greater values of air entrainment rate, Q A , than the rectangular notch weir, as illustrated in Fig. 10 . The greatest values of Q A were observed in the Venturi weir with the throat width of 5 cm. Q A decreased as the throat width of the Venturi weir increased. As shown in Fig. 10 , the rectangular notch weir was found to have the lowest values of Q A among all weir types tested. The reason for this increase in the air entrainment rate, Q A , of the Venturi weirs can be found by the increased flow velocity over the Venturi weirs and the increased contacting perimeter between the jet flow and the water surface due to the increase in free overfall jet expansion.
Regression analyses were performed using the nonlinear regression module. An empirical correlation predicting air entrainment rate, Q A , was developed for the Venturi weirs. The resulting correlation is given in equation 1. The correlation coefficient (R 2 ) for equation 1 is 0.99 for the 60 data points used. No relationship for predicting the air entrainment rate, where the air entrainment rate, Q A , is in m 3 /s, the discharge per unit width, q, is in m 2 /s, the weir crest width, L, is in metres, the drop height, h, is in metres, and the throat width of the Venturi weir, B, is in metres.
The measured air entrainment rates, Q A , were compared with those predicted with equation 1. A good agreement between the measured air entrainment rates and the values computed from the predictive equation was obtained. Further confidence in the correlation is seen in Fig. 11 .
Conclusions
Based on the findings of this study, the following conclusions can be drawn. 
• The aeration of water downstream of weirs is caused by air being carried by the free overfall jets into the receiving pool. The precise mechanism by which the air is entrained into the receiving pool is extremely complex and varies with free overfall jet velocity and geometry. A series of laboratory experiments was carried out to investigate the effect of the free overfall jets from the Venturi and rectangular notch weirs on the air entrainment rate. An empirical equation was obtained for the Venturi weirs relating air entrainment rate to unit discharge, weir crest width, drop height and throat width of Venturi weir. There is a perfect agreement between the observed and the calculated values.
• The results indicate that drop height and unit discharge are important parameters influencing the air entrainment rate at the Venturi and rectangular notch weirs. The air entrainment rate increased with increasing drop height and unit discharge in all weir types tested. The reason for this can be explained with the increased momentum of the jet flow and the increased jet surface roughness. • The free overfall jet expansion for the Venturi weirs became greater than the rectangular notch weir. The free overfall jet expansion increased as the throat width of the Venturi weir was decreased. The reason for this is due to the increase in flow velocity over the Venturi weir and the increase in the divergent angle of the Venturi weir with decreasing the throat width of the Venturi weir. Increasing free overfall jet expansion led to a higher air entrainment rate due to the increased contacting perimeter of the jet flow. • The Venturi weirs were shown to have a significantly better air entrainment rate than the rectangular notch weir. The air entrainment rate increased as the throat width of the Venturi weirs was decreased. This increase resulted from not only the increased contacting perimeter in impact point due to the increase in the free overfall jet expansion, but also the increased flow velocity over the Venturi weir. Therefore, using a simple Venturi weir would significantly increase the air entrainment rate.
• The Venturi weirs can be used as highly effective aerators in streams, rivers, constructed channels, fish hatcheries, water treatment plants, etc. For very wide channels, multiple Venturi weirs can be used instead of a single Venturi weir. The Venturi weir with its level floor and simple inlet and exit could easily be constructed and installed in almost any field situation. Moreover, low construction, operation and maintenance costs of Venturi weirs would give it the clear advantage in aeration processes.
• Initially, the free overfall jet with relatively smooth surface would issue from the Venturi weir. As the drop height increases, the surface of the free overfall jet would first become roughened and then the free overfall jet would oscillate during fall. With increasing drop height, the free overfall jet eventually would break up into discrete droplets. The breakup lengths would be shorter for lower discharges. The breakup of the free overfall jet would reduce its penetration depth into the receiving pool and hence also the depth of the biphasic zone. This would effectively reduce contact time between the bubbles and the surrounding water and hence also aeration efficiency. In this case, a cascade Venturi weir would be advised instead of single Venturi weir. • For any model study involving air entrainment, the scaling of aeration data to prototype size is virtually impossible, largely due to the relative invariance of bubble size. The experiments described in this paper can cover unit discharges that are smaller than some prototype applications, although the drop heights are generally similar to prototype scale. The results indicated that the air entrainment rate in Venturi weirs increased at all drop heights tested as the unit discharge increased. Clearly, tests at higher unit discharges should be carried out to see if this trend extrapolates. 
